The nuclear spin state of a phosphorus donor ( 31 P) in isotopically enriched silicon-28 is an excellent host to store quantum information in the solid state. The spin's insensitivity to electric fields yield a solid-state qubit with record coherence times, but also renders coupling to other quantum systems very challenging. Here we show that, by coupling the phosphorus donor to an electron shared with an interface dot, a magnetic drive at microwave frequencies creates a strong electric dipole (> 50 Debye) transition for the donor nuclear spin. The magnetic drive also stabilizes the spin's phase and electric dipole, thereby suppressing decoherence arising from electrical noise. The nuclear spin can then be strongly coupled to microwave resonators, with a vacuum Rabi splitting of order 1 MHz, or to other nuclear spins, nearly half a micrometer apart, via strong electric dipole-dipole interaction. This work brings the 31 P nuclear qubit into the realm of hybrid quantum systems and opens up new avenues in quantum information processing.
Introduction.-The nuclear spin of a phosphorus donor in silicon has long been the subject of much study in the context of solid-state quantum information processing, either as a qubit cell for large-scale quantum processors [1] [2] [3] , or a memory for idle quantum information storage [4, 5] . Whether in ensemble form [6] or as individual qubit [7] , the 31 P nuclear spin has record-long coherence times, thanks to its insensitivity to electric fields and the magnetic noise-free environment of isotopically pure 28 Si [8] . However, it cannot trivially be coupled to other quantum systems, and therefore all quantum computing proposals so far impose short interaction distances and slow quantum gate operations [1] [2] [3] .
In the hybrid approach to quantum information processing [9] , different quantum systems interact in a large architecture that benefits from the best properties of each system, which are often coupled together via microwave resonators. In order to couple to individual spin qubits, the resonator vacuum field can be enhanced by shrinking its dimensions in the vicinity of the spin qubit, thereby enhancing the spin-photon coupling rate [10] [11] [12] [13] . However, having a Zeeman splitting in the radio-frequency range and a null electric dipole, phosphorus nuclear-spins do not interact naturally with microwave resonators.
The artificial creation of electric dipole transitions has been proposed for different spin systems [14] [15] [16] [17] [18] as a way to facilitate scalability. The challenge here is how to make the spin drivable by electric fields without making it too susceptible to electrical noise, which can be strong in nanoscale devices. In this Letter, we show that a strong electric-dipole transition at microwave frequencies can be e - artificially engineered for the nuclear spin, in the presence of an oscillating magnetic field. This is achieved by sharing an electron between the donor and a quantum dot defined at the Si/SiO 2 interface [18] [19] [20] . While the admixture of spin and charge states can potentially make the system very sensitive to electric noise, we show that the nuclear spin phase and electric dipole strength can be stabilized to first-order. By providing a robust coupling between the nuclear spin and electric fields, our scheme opens up new avenues couple to 31 P qubits to other quantum systems, including microwave resonators, superconducting qubits and other nuclear spins.
Second-order Raman drive of a 31 P nuclear spin.-The key ingredients of our proposal are illustrated in Fig. 1a . The 31 P nuclear spin interacts with a donor-bound electron via the contact hyperfine interaction, represented by the Hamiltonian H A = AS · I, where S and I are the electron and nucleus spin operators, respectively, and A is the electron-nuclear hyperfine coupling (A ≈ 117 MHz in bulk silicon). Further, an applied static magnetic field arXiv:1706.08095v1 [cond-mat.mes-hall] 25 Jun 2017 B 0 splits the spin states via the Zeeman Hamiltonian H B0 = B 0 (γ e S z − γ n I z ), where γ e ≈ 28 GHz/T and γ n ≈ 17.2 MHz/T are the electron and nucleus gyromagnetic ratios, respectively. Fig. 1b shows the spin levels when γ e B 0 A, in which case the electron-nuclear eigenstates are the tensor product of the electron (|↓ , |↑ ) and nuclear (|⇓ , |⇑ ) basis states.
The electron and the nuclear spin states can be manipulated with an oscillating magnetic field B ac at microwave [21] or radio frequencies [22] , respectively. Furthermore, we have recently proposed [18] a new transition, which we call 'flip-flop' qubit, in the subspace spanned by the |↓⇑ ↔ |↑⇓ states. Spin selection rules forbid operating the flip-flop qubit with oscillating magnetic fields, but allow it to be addressed by an oscillating electric field at frequency ν E , E ac cos(2πν E t), that time-dependently modulates the hyperfine coupling, A ac cos (2πν E t). This is because the hyperfine Hamiltonian H A is a transverse term in the flip-flop subspace.
Choosing ν E ≈ γ + B 0 , where γ + = γ e + γ n , the timevarying hyperfine coupling drives the flip-flop transition at a rate (half Rabi frequency) g
Here we show how the flip-flop transition provides a way of controlling the nuclear-spin state purely with microwave fields. The key idea is to combine the electrical flip-flop drive with an additional magnetic drive B ac cos(2πν B t), perpendicular to the static B 0 (Fig 1a) , that couples the electron spin states |↓⇓ and |↑⇓ at a rate:
This results in a process analogous to a Raman transition [23] , as shown in Fig. 1b: with the electron in the ground spin state |↓ , the AC electric and magnetic fields drive the nuclear-spin "up", |↓⇑ , and "down", |↓⇓ , states, respectively, to a virtual level detuned from the |↑⇓ state by δ g B , g ff E . As a result, the nuclear spin is driven via a second order process, with minimal excitation of the electron spin, at a rate:
This is equivalent to saying that a microwave magnetic drive B ac creates an electric dipole transition for the nuclear spin with strength g ns E /E ac . Quantitatively, g B can reach a few MHz [21] , and therefore the nuclear spin can be driven at Rabi frequencies close to 1 MHz if the hyperfine interaction can be AC-driven at a few MHz rate. However, if the electron is confined at the donor Coulomb potential, A is quite insensitive to electric fields. Taking the value ∂A/∂E ≈ 0.5 Hz V −1 m from a recent experiment [24] , the corresponding Ramanenabled nuclear electric dipole transition would be only ≈ 5 µDebye (assuming δ = 10g B ).
Strong electric dipole transition of a 31 P nuclear spin.-To increase the nuclear spin electric dipole transition strength, the dependence of A on electric fields can be enhanced by sharing the electron wavefunction with a nearby, tunnel-coupled, interface quantum dot [18] (Fig.  2a) . In this case, the electron charge can be treated as a two-level charge qubit, where the electron position is represented by a Pauli σ z operator, with eigenvectors |d (electron at the donor) and |i (electron at the interface dot) - Fig. 2a . The orbital Hamiltonian reads (in units of Hz):
where V t is the tunnel coupling between the donor and the dot potential wells, which are detuned by a static vertical electric field E dc and separated by a distance d; e the electron charge and h the Planck constant. The resulting electron ground |g and excited |e charge eigenstates have an energy difference given by:
Accordingly, the hyperfine coupling operator depends on the electron position, i.e. the charge qubit σ z operator:
Eq. 5 implies a coupling g so between the flip-flop and charge qubits: Fig. 2b shows the level diagram for a nuclear spin Raman transition taking the electron charge levels into account. Upon application of an AC electric field, E ac cos (2πν E t), the charge levels |g and |e are coupled at a rate [18] :
If δ so g so , |e is minimally excited while A is still strongly sensitive to electric fields, with ∂A/∂E ≈ 10 4 Hz V −1 m for V t on the order of 10 GHz [18] . In this case, g ff E ≈ g E g so (1/δ E +1/δ so )/2, which corresponds to a strong electric-dipole flip-flop transition (∼ 40 Debye, assuming δ so = 10g so ). While this enables a strong electric dipole transition for the nuclear spin (∼ 4 Debye, assuming δ B = 10g B , where δ B = γ e B 0 − ν B ), this regime makes the nuclear spin transition frequency ns (A) = γ n B 0 + A /2 very sensitive to electrical noise, since A /2 is most sensitive at the ionization point, causing fast dephasing. Robust electric dipole transition of a Si:P nuclear spin.-We now show that the nuclear spin can be made insensitive to electrical noise, while having its electric dipole transition increased even further, by making δ B,E,so ≈ 0. In this regime, second-order perturbation theory can not be directly applied. We therefore analyze the nuclear spin Hamiltonian by first making it timeindependent. After adding the magnetic drive,
the total Hamiltonian reads:
H ns can be expressed in the rotating frame of the magnetic drive by using the transformation: H ns = U † H ns U − i UU † , with U = e i2πν B t(Sz+Iz) . After dropping counter-rotating terms, the transformed Hamiltonian becomes time-independent:
The dominant energy scale in the above Hamiltonian is given by the term −(γ n B 0 + ν B )I z , which represents the nuclear-spin transition, shifted to microwave frequencies in the rotating frame (left-most levels in Fig. 2c ). These are further split by the electron spin Hamiltonian, (δ B + A I z ) S z + 2g B S x (where the hyperfine coupling value, A , depends on the electron charge state), yielding the electron-nuclear spin levels shown in Fig. 2c, depicted in the limit of vanishing B ac (and therefore g B ) . In this case, the nuclear-spin transition frequency, in the rotating frame, with the electron in the ground state, is:
This dependence is plotted as a dashed line in Fig.  2d , and is valid when the electron charge states are far detuned from the spin levels (δ so g so ), as discussed in the last section. The plot highlights the strong depence of ns on electric fields.
However, the nuclear spin dispersion changes dramatically when δ so approaches zero. There, H orb A hybridizes the flip-flop and charge states, as shown in Fig. 2c , with coefficients α and β given in Supp. Info. S2. Furthermore, by increasing the magnetic drive amplitude B ac , the Hamiltonian term 2g B S x couples the electron spin ↑ and ↓ states, hybridizing the system eigenstates. Two of those eigenstates, which we call |⇓ and |⇑ (Fig. 2c) , are chiefly composed of the tensor product of the nuclear |⇓ , |⇑ states with the ground charge state |g and the ground |↓ electron spin state. The energy splitting between |⇓ and |⇑ , ns , equals the bare nuclear-spin transition, ns (A) (Eq. 11), plus an amount that dependents on E dc :
where D drive corresponds to an AC-Stark shift, quantitavely defined in Supp. Info. S2. This equation agrees with numerical simulations of the full Hamiltonian of Eq. 9 (Fig. 2d) . In particular, around the ionization point, the flip-flop transition, strongly shifted due to its coupling to the charge state, anticrosses the nuclear spin transition, creating a region where ∂ ns /∂E dc = 0, i.e. a first-order 'clock transition' [26, 27] where ns is insensitive to electric noise. Further adjustment of the parameters allows for ∂ 2 ns /∂E dc 2 = 0 (second-order clock transition), improving noise insensitivity even further. Assuming a realistic 100 V/m r.m.s. quasi-static noise amplitude (equivalent to a 1.5 µeV charge detuning noise for d = 15 nm, consistent with measured values [28] ), the predicted nuclear spin dephasing rate is only ∼ 1-10 kHz. Note that, similarly to dressed states [29] [30] [31] , the addition of the magnetic drive prolongs the coherence of our qubit. However, here the suppresed noise is of electrical nature (despite the drive being magnetic), given the particular hybridization with charge states.
In a key result of our proposal, the small admixture of the excited charge state, |e , into |⇓ creates an electricdipole transition for the nuclear spin. Indeed, the |⇓ ↔ |⇑ transition can be electrically-driven at a rate given by the charge admixture coefficients in Fig. 2c ,
where the exact form of α 1 , α 2 and β 3 is given in Supp. Info. S2. This electric dipole transition, at microwave frequencies, can reach > 50 Debye around E dc = 0 (Fig. 2e) . This means that even an extremely weak AC electric field, E ac ≈ 3 V/m, can drive a nuclear spin transition at a MHz Rabi frequency. This is two orders of magnitude faster than the typical Rabi frequencies obtained with standard (NMR) magnetic drive at radiofrequency [22] , and an order of magnitude faster than obtained (at very high electric drive amplitudes) in a recent experiment where electrically-driven NMR was achieved by modulating the quantization axis of the electron spin [32] . Note that, although we assumed δ so → 0, the electric and magnetic driving fields are still off-resonance with the eigenstates of the full Hamiltonian, ensuring minimal excitation of the |↑ and |e states.
This strong electric dipole at microwave frequencies provides a pathway for strong coupling a 31 P nuclear spin to microwave resonators [33] , where a vacuum field of a few V/m can result in vacuum Rabi splittings around 1 MHz. This could be achieved e.g. by connecting the top blue gate on Fig. 1a to the center pin of a superconducting coplanar waveguide resonator.
Importantly, at the same bias point where the 'clock transition' (∂ ns /∂E dc = 0) for the nuclear energy takes place, the nuclear electric dipole is also first-order insensitive to electrical noise, since ∂g ns E /∂E dc = 0 (Fig. 2e) . A realistic 1.5 µeV charge detuning noise [28] ) would make g ns E fluctuate by only ∼ 2%. The engineered nuclear electric dipole also opens up a new pathway for nuclear spin relaxation: |⇓ can decay into |⇑ through a peculiar effect, where a photon from the driving field is combined with the nuclear spin energy (which is at radiofrequency) to emit a phonon at microwave frequency. The rate for this process can be roughly estimated as the admixture of the |e charge excited state into the |⇓ eigenstate times the charge relaxation rate 1/T 1,o [34] :
where Θ ≈ 2.37 × 10 −24 s 2 is determined by the silicon crystal properties.
As Fig. 2f shows, 1/T 1,ns peaks, around the ionization point, at a value that is still two orders of magnitude slower than e.g. the spin's coupling rate to a microwave resonator, therefore allowing the strong coupling regime to be well within reach.
Long-distance coupling of nuclear spin qubits.-As a further natural extension, nuclear spins can be coupled directly to each other through the electric dipoledipole interaction that results from displacing the electron charge from the donor (Fig. 3a) [18] . This can be exploited to couple a nuclear spin to the electric dipole transition of another nuclear spin.
The interaction energy between two charge dipoles, ed 1 and ed 2 , separated by r, is [35] :
where ε 0 is the vacuum permittivity and ε r the material's dielectric constant (ε r = 11.7 in silicon). Since the charge dipole of each donor-interface state is ed i (1 + σ z,i )/2, this dipole-dipole interaction is equivalent to a coupling term between the charge qubits ( Fig. 3b) equal to [18] :
Two distant nuclear spin qubits can then be coupled when both electrons are around their ionization point and an AC magnetic drive B ac is applied (Fig. 3a,b) .
For the operation parameters used in Fig. 2 , o ≈ ff ≈ ν B + ns and g B g so , the two-qubit coupling rate is found, via second-order perturbation theory, to be:
which is valid if g B (g so ) 2 /g dd . For two nuclear spins r = 0.4 µm apart, g ns 2q = 0.55 MHz, yielding a √ iSWAP gate time of ∼ 230 ns. This is a tremendous improvement over Kane's proposal [1] , for which am exchangemediated √ iSWAP gate between two 31 P nuclear spins r = 15 nm apart takes 3 µs.
Alternatively, microwave resonators can mediate coupling between two nuclear spins separated by centimeter distances, through the shared vacuum electric field, E vac , even though B ac is a classical drive. This two-field approach is analogous to proposals using trapped ions in optical cavities [36] , charge qubits [37] and double quantum dot spins [38] in microwave resonators, and silicon donor spins in photonic-crystal cavities [39] .
Conclusion.-Until now, quantum computer architectures that aimed at encoding information in the 31 P nuclear spin [1] [2] [3] had to be built around a qubit with an extremely small magnetic dipole, that only responds to radiofrequency signals. By engineering an electric dipole transition, we have shown here that the 31 P qubit can also be driven at microwave frequencies, and coupled to other nuclei or to microwave cavities via electric dipole interactions. The effects of electrical noise can be strongy suppressed by operating around 'clock transitions', thus preserving the excellent quantum coherence properties of the 31 P system. The nuclear spin can then be incorporated into hybrid quantum architectures [9] , where it can be used e.g. as a long-lived quantum memory [5] , or placed in large arrays of electric-dipole coupled nuclear qubits.
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S1. Electron gyromagnetic ratio
Even though it does not have a substantial effect of the physics presented in this paper, in the simulations of Fig.  2 we have considered, for completeness, that the electron gyromagnetic ratio is different when the electorn is at the donor or at the Si/SiO 2 interface. Therefore, the electron Zeeman Hamiltonian depends on the electron position via the charge qubit σ z operator:
where ∆ γ is the relative change in the gyromagnetic ratio between donor and interface, which can be as large as 0.7% [S1].
S2. Level hybridization
In the complex level diagram of Fig. 2 , different coupling terms hybridize two-level sub-systems. Below we show the explicit form of the hybridization coefficients and energy shifts, easily obtained by matrix diagonalization.
The hybrid flip-flop-charge coefficients are: β = φ/ φ 2 + 1, φ = δ so + δ so 2 + 4g so 2 /2g so (S2) α = θ/ θ 2 + 1, θ = δ so − δ so 2 + 4g so 2 /2g so (S3) with a corresponding energy shift:
The hybrid up-down electron coefficients are: (S10) where the terms δ 1 , δ 2 , δ 3 are the energy splittings between pairs of Hamiltonian eigenstates in the limit B ac → 0, as indicated in Fig. 2c .
Finally, the AC Stark-shift responsible for the creation of the first-order 'clock transition' is given by: 
